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VALUE OF BITUMINOUS COAL AND COKE FOR GENERATING 
STEAM IN A LOW-PRESSURE CAST-IRON BOILER 


7 


By C. E. AUGUSTINE, JAMES NEIL, and W1LLIAM M. MYLER, Jr. 


INTRODUCTION 


Since its establishment, the Bureau of Mines has been conducting 
tests and investigations for the increase of efficiency in the utilization 
of fuels for steam boilers. This report is the second of a series dealing 
with the combustion, at low rates, of various typical fuels in boilers 
and furnaces suitable for heating large buildings, and may be con- 
sidered @ companion work to Technical Paper 303.1 The tests 
reported in this paper were conducted during 1922 and 1923 at the 
Pittsburgh experiment station of the bureau. 

Aithough the value of a fuel for the gencration of steam depends 
largely on its heat content, its behavior in burning, and the thermal 
efficiency of the boiler, variations in the efficiency obtained may be 
caused by many factors, such as rate of steaming, furnace and grate 
design, volume of combustion space, arrangement of heating surfaces 
of the boiler, method of firing, method of supplying air, and kind and 
size of fuel. 

The boiler used in these tests was made of cast-iron sections and was 
designed for heating large buildings. The practice of heavy firings at 
fairly long intervals, which is employed with this size of boilers in 
most buildings, was followed in these tests. The firing charge was 
about 150 pounds; therefore the firing period was varied to suit the 
tate of steaming.. Furnace conditions were regulated by adjusting air 
admission, as indicated by gas analyses, in an endeavor to burn the 
coal with low heat losses and to avoid either high excess air or com- 
bustible in the flue gases, also to make as little smoke as possible. | 

The bituminous coal was fired by a modified coking method, 
known as the “center”? method. The hot coals on the grate were 
“cradled ’’—that is, partly drawn forward and partly pushed back— 
and the fresh coal was put on the thin fuel bed left across the middle 
of the grate. The coke was fired by the “spreading”? method. The 
grate length used, up to and including test 10, was 70 inches, but in 
all the later tests it was reduced to 60 inches. The total number of 


1 Blizard, John, Neil, James, and Houghten, F. C., Value of coke, anthracite, and bituminous coal for 
geherating steam in a Jow-pressure cast-iron boiler: Tech. Paper 303, Bureau of Mines, 1922, 56 pp. 
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sections in the boiler was 12 in all tests; 11 sections were 10 inches 
wide and 1 was 5 inches wide. 

To ascertain the effect on combustion and smoke emission, both 
wing walls and checkerwork of fire brick were used for mixing the 
furnace gases in the combustion chamber in the tests with bitumi- 


nous coal: 
ACKNOWLEDGMENTS 


The International Heater Co. of Utica, N. Y., lent to the Bureau 
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Blizard, formerly fuel engineer for the Bureau of Mines. This 
report was made under the direction of H. W. Brooks, fuel engineer, 
and O. P. Hood, chief mechanical engineer, of the Bureau of Mines. 
R. A. Sherman, A. Pincus, J. K. Seabright, W. M. Myler, jr., M. L. 
Orr, R. J. Hinch, J. F. Gardner, F. Wentzel, jr., J. P. Stein, C. 
Schramm, and H. Berg assisted at various times in carrying out the 
tests. 

The composition and calorific value of the coal and combustible 
content of the ash and refuse were determined in the coal laboratory 
at the Pittsburgh experiment station under the direction of H. M. 


Cooper. 
PURPOSE OF THE TESTS 


The main purpose of these tests was to obtain further information 
on the relative steaming values of coke and bituminous coals burned 
in a hand-fired low-pressure cast-iron boiler of a size suitable for 
heating large buildings. Large quantities of coal were fired at rather 
long intervals, approximating the practice of firing that would be 
followed by firemen or janitors in office or apartment buildings and 
in schools. 

Another purpose of the tests was to separate the heat losses, in 
order to determine the effect of the method of firing and of structural 
changes in the boiler, when the boiler was operated at ordinary capaci- 
ties. As this boiler had somewhat smaller gas passages or tlues than 
the usual cast-iron boiler of the same capacity, a survey of tempera- 
tures along the path of the gases was made and gas samples and draft 
readings were taken to obtain data on this arrangement of heating 


surfaces. 
CHIEF RESULTS OF THE TESTS 


A brief summary of the results appears below. Detailed results of 
the tests are given and discussed on later pages. 

1. Tests were made at various rates of steaming with Pittsburgh 
lump coal, Lower Kittanning coal, and by-product coke. The cal- 
orific value of the Pittsburgh high-volatile lump coal ranged from 
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13,150 to 13,750 B. t. u. per pound; that of the coke from 11,720 to 
11,890 B. t. u.; and that of the Lower Kittanning medium-volatile 
coal from 12,970 to 13,570 B. t. u. This variation is believed to be 
due partly to variations in moisture content and to sampling. The 
bituminous coals contained less ash than the coke, about the same 
amount of moisture, and naturally much more volatile matter. As 
the Lower Kittanning coal was of smaller size than the coke or the 
Pittsburgh coal, it packed when fired, causing greater resistance to 
the flow of air through the fuel bed; also it required more frequent 
attention by slicing or breaking up the fuel bed to maintain the rate 
of burning desired. The fuels with the higher ash content, of course, 
required the removal of more refuse from the grate; the percentage 
of clinker was highest with coke. ) 

2. At low ratings the bituminous coals and coke were of about equal 
steaming value; at medium and higher ratings the coals evaporated 
more water than the coke. The by-product coke had a steaming 
value about 90 per cent of that of the bituminous coals at the higher 
ratings. When coke was burned at a low rating the over-all efficiency 
was high—about 76 per cent—but at the higher ratings this efficiency 
was less than that of the bituminous coals, being about 66 per cent. 

3. The thermal efficiencies ranged from 65 to 74 per cent for Pitts- 
burgh coal, and showed considerable variation at the high ratings. 
The thermal efficiencies with Lower Kittanning coal ranged from 66 
to72 percent. The rate of heat absorption, in British thermal units 
transferred to water per square foot of heating surface per hour (com- 
puted values ranging from 3,400 to 10,000), is believed to be higher 
in these tests than in usual practice with cast-iron boilers. The 
boiler was operated at higher capacity than in the usual installation 
recommended by the builders, and the high flue-gas temperature with 
Pittsburgh coal was obtained with a lower supply of excess air. 
Because of the higher volatile content of this coal the flames were 
longer, and less of the heating surface in the flues had a chance to 
absorb the heat before the gases left the boiler. 

4. Other factors being unchanged, the nearer to the fuel bed the 
secondary air is supplied and the more thoroughly it is mixed with 
the rising combustible gases, the sooner the combustion will be com- 
pleted and the larger the proportion of heat absorbed by the heating 
surfaces from the products of combustion. 

5. The pressure drop of air through the fuel bed was about the same 
for coke and Pittsburgh coal, and was about half of that required for 
equal ratings with Lower Kittanning coal. 

6. The Lower Kittanning coal was slower to ignite and burn than 
the Pittsburgh coal and showed a tendency to form dead spots and 
air holes in the fuel bed; it burned unevenly and required much more 
attention than either of the other fuels. 
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METHOD OF CONDUCTING TESTS 


The method of conducting the tests was as follows: 

1. All of the steam from the boiler was exhausted outside of the 
laboratory building through an orifice box, which had provision for 
changes of orifices of 3H, 3, 254, and 21% inches in diameter, to suit 
the desired rate of evaporation. By control of the steaming rates 
with draft changes to suit the necessary rate of combustion, 8 gauge 
pressure of 2 pounds, as near as possible, was carried in the box. 
Tests were run with coke, and with Pittsburgh and Lower Kittan- 
ning bituminous coals, with a steam flow corresponding to about 125, 
100, 75, and 50 per cent of the rated capacity of the boiler. 

2. During each test reported about 6,000 pounds of fuel was fired, 
except in three tests when operating conditions made.a shortened 
run advisable. As previously stated, for the entire series, 150 pounds 
of fuel was used at each firing, except in a few instances when it was 
best to fire a little more or less than that amount. The firing period 
was varied to suit the rate of steaming; at the lowest rate the period 
was 60 minutes and at the highest rate 20 minutes. 

3. Coke was fired by the “‘spreading’’ method. 

4. The Pittsburgh and the Lower Kittanning coals were fired by 
the ‘center’? method. In each half-hour firing period the surface 
of the fuel bed was levelled with a rake or hoe about 20 minutes after 
the firing. Lower Kittanning coal required more frequent breaking- 
up or slicing than Pittsburgh coal burned at the same rates. 

5. Each test started and stopped with a fairly thin fuel bed, the 
‘‘continuous-firing’’ method being used, in order to duplicate, within 
a reasonable limit of error, the fuel on the grate at start and close. 
The fuel burned in each test was weighed on platform scales before 
it was fired, and during the test a sample was collected for analysis. 

6. The ash and refuse taken from the ash pit and from above grates 
when fires were cleaned were weighed, mixed, and sampled for 
analysis. 

7. The water fed to the boiler was weighed; both the suction tank 
and the boiler gauge-glass were calibrated to show the weight of 
water in tank and boiler. The water level was kept as constant as 
possible. 

8. The steam leaving the boiler passed through a 5-inch vertical 
steam separator, and the water removed from the wet steam was 
weighed hourly. For these tests the steam leaving the separator 
was assumed to be dry saturated steam. In no test did the water 
separated exceed 1.8 per cent of that fed to boiler. 

9. The steam pressure, feed-water temperature, and the draft, 
air, and flue-gas temperatures were read every 15 or 30 minutes 
during the tests. The draft, or pressure difference of gases inside 
the furnace and of the air at the same height outside, was measured 
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BOILER USED IN TESTS 


DETAILS OF BOILER 5 


by observing the distance between the menisci of gasoline in a U 
tube that could be inclined to read to 0.001 of an inch of water. In 
all tests, draft measurements were made in the ash pit and furnace, 
and below the damper in the flue leaving the boiler, at the points 
shown by small circles in Figures 2 and 3; in some tests the measure- 
ments were made at additional points, as indicated later, in the path 
of the gases between the furnace and the flue. 


DETAILS OF BOILER 


The boiler is cast iron, of the sectional type, and is listed by the 
manufacturer as No. 111-47. Details are as follows (see also PI. I): 


Detatls of botler 
Length of grate (tests 2 to 10, inclusive), inches.__....-...-----.-.-- 70 
Length of grate (tests 11 to 32, inclusive), inches__._._......----.--- 60 
Width) Of grate: INCheS. 225205 c2 5 see ee oe fh ad ae 4514 
Grate area (tests 2 to 10, inclusive), square feet___._..___-..-.------ 22 
Grate area (tests 11 to 32, inclusive), square feet_......._..-----.--- 19 
Area of heating surface, square feet_.......-.-.------------------- 375 
Ratio of heating surface to grate area (tests 2 to 10)_..._._.--------- 16. 9 
Ratio of heating surface to grate area (tests 11 to 32)___._.....-.---- 20. 0 
Steam rating, square feet of radiation..._.........-.-----------.---- 10, 900 
Steam rating, 1,000 B. t. u. per hour..__..--.---------.--.------- 2, 640 
Air openings in grate, inches...._._...-...-----.------------------ 2tt by % 
Air openings, per cent of total area___._..-.---------------------- 48 
Height from grate to furnace roof, at center, inches___....._..-..---- 24 
Total number of sections (11 full size and 1 half size)_._.......___-- 1144 
Length of foundation, inches.___._....-------.-.---------------- 113 
Length of boiler, inches._.......--.-.---.-----------------_------ 115 
Width of foundation, inches___.._.._...-.-__------__-----_-------- 54 
Width-of: boiler, inches. ..-22202520 seed a ee ees 5344 
Height of boiler, inches.__......-..-.--------------------------- 7244 
Height of water line, inches__.._..-.....-----.--._----------_-_-- 61 
Height of ash pit, inches_.....-...-...-.-.---.---_-------------- 16 
Length of grate bars, inches__......-..-.----.------------------- 4314 
Distance between centers of grate bars, inches..__.._....-...-_---- 10 
Distance from floor to smoke-pipe opening, inches_.________...._.__- 54 
Diameter of smoke opening, inches..._...........-...-.-.._------ 20 


Area of smoke-pipe opening, square feet__._.._......-.._..._----_- 2. 2 
Area of openings—furnace to mixing chamber, square feet__._._____- 1.7 
Area of openings in wing wall (tests 2-10, 26, and 32), square feet. __- 2.4 
Area of openings checker wall, square feet__...........-_-.---.---- 2.7 
Area of openings first pass, square feet......_........------------- 2. 0 
Area of openings second pass, square feet.__..._.___._..---------- 1.5 
Volume of combustion space total, cubic feet: 


For tests 2-10, with 70-inch grate and wing wall____.___...-_-_ 51 
For tests 11, 27, 28, 29, and 31, with short furnace and no wing wall 63 
For tests 13, 14, 15, 16, 21, 22, 23, 25, 26, and 82______._______ 59 
Length of flues, inches_.__._..._.._-.-.-._-.__-.__-___-_-_-.------ 97 


Insulation, a l-inch dead-air space surrounded by metal lath on 
which were mounted l-inch 85 per cent magnesia blocks covered 
with thin coat of plastic cement. Total thickness of covering, 


43064°—25 {2 
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A steam jet was used in the smoke flue to produce induced draft 
for the high ratings. 

The boiler was set up under the personal supervision of the com- 
pany’s representative. 


CHANGES MADE IN BOILER AND FURNACE DURING THE TESTS 


Changes in the arrangement of boiler sections affecting the grate 
area and combustion space were made as shown in Table 1. Tests 
2 to 10 were made with six intermediate sections, each 10 inches 
wide, and an additional thin section 5 inches wide, over the grate and 
between the front and bridge-wall sections, set to meet demands 
for an extra large fuel capacity. Tests 11 to 32 were made with 
only five sections, each 10 inches wide, over the grate and between 
the front and bridge-wall sections, conforming to the original design 
of the boiler, and giving a larger combustion space back of the bridge 
wall. Mixing devices of various structures of brick were set in 
the combustion chamber to determine their relative advantages, if 
any, over a combustion chamber having no wing wall or checker- 
work. 

For tests 2 to 10, inclusive, a wing wall with a vertical slot 11 
inches wide and 31 incbes high was built in the combustion chamber, 
as shown in Figures 1, 2, and 3. All walls were removed from the 
combustion chamber when tests 11, 27, 28, 29, and 31 were run. 

A mixing wall of brick laid up as checkerwork, with 24 openings, 
each 6144 by 21% inches, was used for tests 13 to 25, inclusive. 
A wing wall having a vertical slot 1414 inches wide by 23}4 inches 
high was used in test 32 to determine the effect of this slot in the 
mixing of the furnace gases. 


TABLE 1.—Changes made in boiler during the tests 


Arrangement and number of Ratio heating 
sections surface tu— Ratio 
Length com- 
Test of Brickwork in combustion bustion 
No. | grate, ‘ Set Re chamber é 7 space 
inches ver ' Bridge! bustion! L ; rate ves] grate 
Front crate; wall | cham- |Back surface PUSUON! surface 
ber space 
2-10 70 1/ 64 1 2 1 | Slot, wing wall............_- 17 7.4 23 
11 60 1 5 1 31, 1 | No wall_.._.--.-.------__-_- 20 6.0 34 
13-25 60 1 5 1 31, 1 | Checkerwork _......222-..-. 20 6.4 3.2 
26 60 1 5 1 315 1 | Slot, wing wall_...-...2.2.-. 20 6.4 3.2 
27-31 60 1 5 1 314 1) No walle, 2262-2 comecawe 20 6.0 34 
32 60 1 5 1 3by 1 | Slot, wing wall__.__...--.--- 20 6.4 3.2 


ADMISSION OF AIR OVER FUEL BED 


After a preliminary test, provision for special means of admitting 
air over the fuel bed through the fire door was deemed advisable. 
To admit more air over the fuel bed an extra opening, 434 by 13 
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inches, was cut in each fire door, directly below the regular air ports, 
and a shutter was provided to close tue openjng when desired. By 
means of this additional opening it was possible to supply the large 


Ficure 1.—Vertical cross section through the furnace: a. Openings in bridge-wall section to mixing 
chamber; b. wing walls, opening 11 inches wide and 31 inches high. Figures indicate tubes in which 
thermocouples were placed 

quantities of air needed immediately after firing while the volatile 

matter was being rapidly distilled off, and then to shut off the air 

supply when not needed. Such manipulation is necessary. 
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FUEL BURNED 


The bituminous coals used were Pittsburgh lump and Lower Kit- 
tanning run of mine; the former was a high-volatile coking long- 
flaming coal from the Rich Hill mine, Pittsburgh bed, Washington 
County, Pa., in the Pan Handle district; the latter was a medium- 
volatile noncoking medium-flaming coal from Melcroft mine No. 1, 
Lower Kittanning bed, also known as the “B”’ or Miller bed, Fayette 
County, Pa. The coke came from the by-product ovens of the 
Carnegie Steel Co., at Clairton, Pa., and is known as “ domestic coke.” 
As fired, Pittsburgh coal weighed 48 pounds per cubic foot; the coke, 
33 pounds; and the Lower Kittanning coal, 50 pounds. Weights 
were taken with the coal loosely packed. Sizing tests gave the fol- 


lowing result: 
Sizing tesis of fines 


Lower 

Screen (inch) Coke Kittan- 

ning coal 

Per cent | Per cent 
TP NPONRN A Maio eect se cee desea eh seek Seed ae eee eene seus aneweawceee 97 96 
TT NROUBI dio ee 2a eta uke bt tata ncetae Meta ele eo Sere a ut ae Sark chee lvantnguiane tec, 53 90 
TORIPGUGU Veer det those ote beth eee ame Oa ase Mg Buren eae ate 13 77 
*TWTOURH ancrc he oe ee ee ee te ee has cata ee eee 6 55 
TP TWOUgh Vee ass cus oe eG es ede lat eo taeepemtataeuaseeeereee 3 30 


The Pittsburgh lump coal was broken up before firing, but no sizing 
test was made with it. Analyses of fuels are given in Table 2, items 
7 to 19 inclusive. 
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16 BITUMINOUS COAL AND COKE FOR LOW-PRESSURE BOILERS 
DISCUSSION OF RESULTS OF TESTS 
FUELS USED AND MIXING STRUCTURES EMPLOYED 


Table 2 shows the main results obtained. The tests are grouped 
according to fuel used and separated according to the mixing struc- 
tures of wing walls or checker-type brickwork employed between 
the mixing and combustion chambers. The tests having similar fucl 
and furnace details are grouped from left to right so that the low 
ratings come first, and is followed by those at higher ratings. Six 
tests were run with Pittsburgh coal—tests 2 and 3, with wing 
walls; and tests 21, 22, 23, and 25, with a checkerwork fire-brick 
wall. Four tests were made with coke in which no brickwork was 
used for mixing the gases. Twelve tests were made with Lower 
Kittanning coal—tests 7, 26, 6, 5, 32, 4, and 8, with a wing wall; tests 
16, 15, 14, and 13, with checkerwork wall; and test 11 with no 
brickwork in the combustion chamber. 


PURPOSE OF DIFFERENT TESTS 


Test 1 was a preliminary run, of short duration, to familiarize 
the observers with the technique developed for the series. 

Test 9 was made, at the suggestion of the manufacturer, to obtain 
data on a firing period with an extremely heavy firing of 1,300 
pounds of Lower Kittanning coal. Immediately after firing, the 
flue-gas temperature was low but increased as the fuel ignited. 
The fuel packed closely and ignited slowly; it burned in channels 
or holes to the outer edge of the fuel bed, and frequent raking and 
loosening of the fucl was necessary to continue combustion at a 
high rate. The stack draft carried the larger part of the time was 
1.5 inches of water, which was nearly equaled during later regular 
tests at high ratings. While the boiler was being operated at the 
extremely high capacity developed at the end of the fourth hour, 
the rear-section casting cracked and the run had to be stopped at once. 

In test 10 at 125 per cent rating or more for 15 hours, a water leak 
developed and the test was discontinued. Results were not computed. 

Test 24 was a special furnace test with Lower Kittanning coal. 
The fuel bed was built up to 6 or 8 inches, then a charge of 935 
pounds of fresh coal was fired; readings of drafts and stack tem- 
peratures were taken, and flue-gas analyses were made for about 
five hours. Draft readings averaged 1.1 inches at stack, 0.7 inch 
in combustion chamber, and 0.4 inch at furnace front. The 
stack temperature was about 300° F. for the first hour and 650° F. 
for the last hour, averaging about 500° F. for the whole period. 
The average flue-gas analysis for the full period, per cent by volume, 
was CO,, 6.0; O,, 14.3. For the first hour the per cent CO, was 
2.6, and O,, 18.0; for the Jast hour the per cent CO, was 8.7, and 


Google 


DISCUSSION OF RESULTS OF TESTS 1? 


O,,11.5. The actual water evaporated during each consecutive hour 
was 240, 1,465, 1,825, 1,910, and 2,600 pounds. Holes formed at the 
front of the fuel bed 2 fect from the firing door. Frequent attention 
by the fireman was necessary to cover the holes and to loosen up 
the packed fuel bed in an endeavor to get more rapid ignition. 

Test 30 was a coke test in which 150 per cent rating was attempted: 
after 3 hours operation it was stopped because of a cracked front 
casting. Test 31 takes its place in Table 2. 

During tests 4, 9, 10, 13, and 30, one or more of the sections de- 
veloped defect or cracks in the castings. As these were quite small 
during tests 4 and 13, closing readings were taken and the results 
included in the report to represent ratings of 102 and 120 per cent, 
respectively, with Lower Kittanning coal. The boiler was operated 
at 139 per cent rating over 14 hours during test 23, and at over 100 
per cent during many tests, without any apparent defects developing 
in the castings. Hence it is difficult to ascribe the several failures of 
castings entirely to the effect of high rates of operation. Unrelieved 
stresses within the cast iron in the sections augmented by stresses 
due to localized high temperatures may have been the direct cause. 

A larger cast-iron boiler used for the tests reported in Technical 
Paper 303 ? was rated on the basis of heat transfer of 4,640 B. t. u. 
per square foot of heating surface per hour for 100 per cent of builder’s 
Tating. An average rate of heat transfer of 5,440 B. t. u. per square 
foot per hour obtained for their test at 117 per cent of builder’s 
rating was the highest rate reported for that series. The boiler 
used in the present series of tests was rated on a basis of heat . 
transfer of 7,280 B. t. u. per square foot of heating surface per hour 
for 100 per cent of builder’s rating. During test 23, made at 139 
per cent of builder’s rating, the average rate of heat transfer was 
10,100 B. t. u. per square foot of heating surface per hour. 

In no test did the castings develop defects when the boiler was 
operating below 100 per cent of builder’s rating and it is understood 
that the manufacturer recommends this boiler only for loads not 
exceeding that rating. Tests of this boiler above 100 per cent rating 
therefore should be understood to have been made only for their 
general engineering interest, and for the purpose of establishing 
outside limitations for such boilers. 

Test 12 was of short duration; it was run for smoke observations 
which are given later. Special test 17 was run with no air supplied 
over the fuel bed and was for comparison with test 18 in which air was 
supplied. Both tests were run at about 75 per cent rating. Special 
test 19 with an 8-inch fuel bed, and no air supplied over the fuel was 
run for comparison with test 20, which had an 11}4-inch fuel bed 
and no air supply over it. In these four tests the front cleaning 


? Blizard, John, Neil, James, and Houghten, F. C., Value of coke, anthracite, and bituminous coal for 
generating steam in a low-pressure cast-iron boiler: Tech. Paper 303, Bureau of Mines, 1922, p. 15. 
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doors were sealed around the joints to minimize leakage of air. 
Table 6 gives the analyses of the gases for these special tests. 


COMPARATIVE STEAMING VALUE OF FUELS 


Owing to variations in the commercial value of fuel, and in boiler and 
furnace efficiency, it is not possible to obtain comparative figures that 
will always represent the steaming values of fuels. Since the steam- 
ing value is the efficiency multiplied by the calorific value of each 
fuel, the results obtained must be considered in connection with the 
conditions under which they were obtained. They do properly 
indicate what is possible under these conditions. Figure 4 shows 
the heat transferred to water, or the useful heat per pound of fuel for 
each fuel tested (Table 2, line 45) as ordinates plotted against the 
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HEAT TRANSFERRED TO 
WATER, PER LB. OF FUEL 
FIRED, B.T. v. 


LOAD ON BOILER, 1,000 B. T. u.. PER HOUR 


FIGURE 4.—Relative steaming value of fuels tested: A, Lower Kittanning coal, wing wall; A, Lower 
Kittanning coal, checkerwork; ©, Pittsburgh coal, wing wall; @, Pittsburgh coal, checkerwork; ©), coke, 
no brickwork 


load on the boiler in British thermal units transferred to water per 
hour. In most tests the Pittsburgh coal shows somewhat lower 
values for heat absorbed by water than does the Lower Kittanning 
coal. Anexception was test 2, run with the boiler newly installed, its 
surfaces clean inside and out, and the air infiltration low because the 
joints between sections were tight. In this test, item 50 (undetermined 
losses), obtained by difference, is too low to account for radiation loss 
included therein which from the tests and by calculating the radiation, 
might be expected to be about 200 or 300 B. t. u. per pound of fuel 
fired. As the coke had a high content of ash, its steaming value at 
the rated capacity of the boiler was only about 90 per cent of that 
of equal weights of the bituminous coals used. 


THERMAL EFFICIENCY 


Table 2, line 52, gives the over-all thermal efficiency. Figure 5 
shows by curves the over-all thermal efficiencies obtained with the 
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three fuels at various rates of steaming. The high point to the 
right of the curve is for test 13, which was a short run with Lower 
Kittanning coal. The point is included because it represents the 
highest rating obtained with this coal. Pittsburgh coal showed the 
lowest efficiency at the low loads, but at medium and high loads 
the efficiency became higher than that of coke, and approached that 
of Lower Kittanning coal. Test 2, a complete run, had rather high 
efficiency and does not leave enough in the unaccounted-for item to 
provide for radiation; however, the test is included because it gives 
indication of the results obtainable with Pittsburgh coal at high 
loads. The series of tests with coke shows the highest efficiency 
obtained at low loads; at higher rates of operation the efficiencies 
dropped below those for both Pittsburgh and Lower Kittanning 
coals. 
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FIGureE 5.—Boiler, furnace, and grate thermal efficiencies at different rates of steaming, based on gross cal- 
orific value of fuel: 4, Lower Kittanning coal, wing wall; 4, Lower Kittanning coal, checkerwork; 
©, Pittsburgh coal, wing wall; @, Pittsburgh coal, checkerwork; [), coke, no brickwork 


RATE OF HEAT TRANSFER TO WATER PER SQUARE FOOT OF HEATING SURFACE PER HOUR 


Figure 6 shows the thermal efficiencies with the three kinds of fuel 
when the average rate of heat transferred to water ranged from 3,000 
to 10,000 B. t. u. per square foot of heating surface per hour, as given 
in line 42 of Table 2. Comparison of these values with the similar 
values for coke in a larger cast-iron boiler, as reported in Technical 
Paper 303,3 shows that the efficiencies of boiler and furnace are 
nearly as high even though the average rate of heat transfer per 
square foot of heating surface is so much greater. 

The reader should note that each square foot of fire-box heating 
surface received and transferred much more heat than the values 


2 Blizard, John, Neil, James, and Houghten, F. C., Value of coke, anthracite and bituminous coal for 
generating steam in low-pressure cast-iron boiler: Tech. Paper 303, Bureau of Mines, 1922, p. 13. 
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given in item 42, Table 2, which are averages for all the heating 
surface. The drop in temperature along the path of the gases is 
shown by Figure 14, page 30, of this report. 


HEAT BALANCE SHOWN BY CURVES 


Figures 7, 8, and 9 give the results of tests with Pittsburgh coal, 
coke, and Lower Kittanning coal. At the top is shown the “ undeter- 
mined losses” from Table 2, line 57, which includes radiation, con- 
vection, and other unaccounted-for losses. 

The loss by carbonaceous matter in the ash is represented by the 
vertical distance between the top curve and the one just below it. 
Between this curve and the one underneath it are shown the total 
flue-gas losses which include, besides the dry-gas loss, the loss due 
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Ficure 6.—Boiler, furnace, and grate thermal efficiencies at various rates of heat absorption per square foot 
of heating surface per hour in B.t.u. for the several fuels, based on gross calorific value of fuel: &, Lower 
Kittanning coal, wing wall; A, Lower Kittanning coal, checkerwork; ©, Pittsburgh coal, wing wall; 

, Pittsburgh coal, checkerwork; (J, coke, no brickwork 


to steam from the moisture in the coal, the loss from the steam formed 
by the burning of the hydrogen in the fuel, and the loss from the 
carbon monoxide in the flue gas. At the bottom of each figure are 
three curves, which represent the sum of losses in flue gases, the 
combined carbon monoxide and steam loss, and, nearest the bottom, 
the carbon monoxide loss. 

In the three figures the efficiency curves for both bituminous coals 
are somewhat irregular but do not vary much with increased 
Joads; in the curves for coke the efficiency decreases as the load is 
increased. For a given fuel, the shape of the efficiency curve will 
vary with the furnace and grate design, the volume of combustion 
space per pound of fuel fired, and the correctness of the mixing of 
the air supply, as well as with the method of firing, and the available 
drafts and their manipulation. 
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HEAT CARRIED AWAY BY STEAM IN FLUE GAS 


Item 53 of Table 2 is the calculated value of heat carried away by 
the steam in the flue gases and shows a greater loss for Pittsburgh 
coal than for Lower Kittanning coal, while both coals show higher 
losses than for coke. These differences are for the greater part due 
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Ficure 7.—Heat account of Pittsburgh coal at different rates of steaming: R, Radiation and unaccounted 


for; C, carbonaceous matter in ash; 7, total heat content of Hue gases; H, thermal efficiency; ©, with 
wing wall; @, with checkerwork 


to differences in the hydrogen content of the fuels, a point that should 
be considered in a comparison of the steaming valua of fuels. 

When a pound of fuel is completely burned, the hydrogen unites 
with 8 times its weight of oxygen to form water that weighs 9 times 
as much as the hydrogen. This must be heated from air tempera- 
ture, ¢t, to flue-gas temperature, 7, so that the heat carried away in 
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steam from 1 pound of coal amounts to 9 H (0.48 7+1,082—2), 
where H is the hydrogen per pound of fuel fired, and 0.48 7'+1,082—t 
represents the total heat per pound of steam at about atmospheric 
pressure and at the temperature of the flue gas, above 1 pound of 
water at the temperature of entering air. The calorific value as 
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FIGURE 8.—Heat account of coke at different rates of steaming: RB, Radiation and unaccounted for: C 
carbonaceous matter in ash; 7, total heat content of flue gases; H, thermal efficiency. No brickwork 
® 


usually reported and as given in the Table 2, items 18 and 19, is the 
gross heating value determined in the bomb calorimeter; it includes 
the heat given up by the products of combustion as they are brought 
back to the initial temperature, and by the condensation of steam 
formed from the fuel. 
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To allow for the heat in steam in the flue gas from a boiler, which 
is not practicable to use by condensing, a net or low calorific value is 
sometimes calculated, and thermal efficiencies are obtained as the 
ratio of heat absorbed by steam raised in the boiler to the net calorific 
value of fuel. The net calorific value af 68° F. of a fuel in B. t. u. 


HEAT IN FUEL FIRED, PER CENT 
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Ficurz 9.—Heat account of Lower Kittanning coal at different rates of steaming: R, Radiation and un- 
accounted for; C, carbonaceous matter in ash; 7, total heat content of flue gases; H, thermal efficiency. 
©, with wing wall; @, with checkerwork 


per pound is equal to the gross calorific value—9 x H x 1,040 B. t. u., 
where 1,040 B.t. u. is the value recommended by the American 
Society for Testing Materials as the latent heat of steam per pound 
under these conditions. 

Table 3 shows the efficiencies of the boiler when based on the gross 
as well as the net calorific value of fuel for some of the tests. 
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TaBLB 3.—Comparison of thermal laser pee based on the gross and the net calorific 
values of the fuels—Pitisburgh coal, coke, and Lower Kittanning coal 


Thermal efficiencies based on | Thermal efficiencies based on 


gross calorific values net calorific values 
ee Pitts Lower | pit Lower 
burgh Coke “ing. “| burgh Cok sa a 

> | |_| 
Thermal efficiency, per cent.......-....... 68.7 76.7 73.0 71.3 77.4 75. &. 
Per cent of builder’s rating.........-...-.- 47 61 57 47 51 57 
Thermal efficiency, per cent....-.--....-..- 68. 8 69. 5 68. 0 71.6 70.0 704 
Per cent of builder’s rating. .......--..-.-. 70 73 76 70 73 76 
Thermal efficiency, per cent.......-....--- 67.0 66. 8 69. 0 69. 6 67.3 71.4 
Per cent of builder’s rating......-.-.....-.- o9 96 102 99 06 102 
Thermal efficiency, per cent__.........-.-- 65. 1 65.7 68. 1 67.7 66. 0 706 


Per cent of builder’s rating...............- 139 127 117 139 127 117 


Table 3 shows that the increase in efficiency of the bituminous 
coal tests, based on the net calorific value, is about 4 per cent of the 
efficiency based on the gross calorific value for Pittsburgh coal, 1 per 
cent for coke, and 3.5 per cent for Lower Kittanning coal. 


LOSS THROUGH COMBUSTIBLE IN ASH 


The loss of combustible matter in ash varies with the ash content. 


of the fuel, and the efficiency with which the fuel content is burned 
out in practice as indicated by the combustible content in the ash 
and refuse removed from the ash pit and grate. The size of fuel, 
physical properties of both coal and ash, fusibility, désign and air 
openings of grates, and the firing and cleaning methods—all have an 
effect on the loss caused by combustible in ash. The Pittsburgh coal 
contains 7 to 9 per cent ash, the coke 14 to 18 per cent, and the 
Lower Kittanning coal 10 to 13 percent. The heat loss (item 56 in 
Table 2) is from 1 to 4 per cent (average 2 per cent) for Pittsburgh 
coal, about 4 per cent for coke, and from 2 to 4 per cent (average 3 
per cent) for Lower Kittanning coal. 

All tests were made with the same shaking type of grate with air 


spaces 14-inch wide, and air openings in grate 48 per cent of the 


total area. The heat loss in refuse varied almost directly as the ash 
content of the fuels. 


HEAT LOST UP STACK BY DRY FLUE GASES 


The percentages of heat losses with the three fuels caused by the dry 
flue gases leaving the boiler are shown in Figure 10. The tests with 
coke show lower loss at low ratings and higher loss at high ratings 
than was found with the bituminous coals. A possible reason for 
this is that no mixing devices were used in the combustion chamber 
with the result that at the high ratings the gases continued burning 
through the pass and the gases left the boiler at high temperature. 
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Tests 2 and 3 with Pittsburgh coal, shown by points below the 
line, were with a wing wall; hence it seems probable that when the 
gases were mixed more thoroughly, combustion was completed 
sooner and the gases had more time to give up heat to the boiler 
flue surfaces. This inference is supported by the temperature of 
the flue gases being lower than for a similar rating in test 23, which 
was made with neers to mix the gases in the combustion 
chamber. . 

With Lower Kittanning coal, tests 15, 26, and 32 showed higher 
flue-gas losses than the other tests with this coal due to the high , 
excess air. They also showed greater losses due to higher temperature 
of flue gas than the other tests. Tests 4 and 16 gave lower losses. 
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FicurE 10.—Heat carried away by dry flue gases: A, Lower Kittanning coal, wing wall; &, Lower 
Kittanning coal, checkerwork; ©, Pittsburgh coal, wing wall; @, Pittsburgh coal, checkerwork; 
©. coke, no brickwork 


than average because of lower excess air in gases and the lower 
temperature of gases leaving the boiler. 


FLUE-GAS TEMPERATURE 


Figure 11 shows the variation of flue-gas temperature with the 
fuels burned at different rates. The temperatures are higher for 
Pittsburgh coal than for coke or Lower Kittanning coal. The point 
representing test 2 falls below the line for all other tests at this rating, 
largely because of the facts that (1) the grate was longer for this 
test, therefore less coal was burned per square foot of grate and a 
lower temperature was measured as the gases left the combustion 
chamber; and that (2) the wing wall seemed to mix the gases better 
than the checkerwork, therefore combustion was completed earlier 
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along the path of the gases. The point below the curve for Lower 
Kittanning coal is probably due to the same causes, as the same prate 
and wing wall were used. 

The low flue-gas temperatures for Lower Kittanning coal in the 
medium-rate tests were largely due to the high excess air. 
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FIGURE 11.—Flue-gas temperatures at different rates of steaming with the several fuels: A, Lower 
Kittanning coal, wing wall; A, Lower Kittanning, checkerwork; ©, Pittsburgh coal, wing wall; 
, Pittsburgh coal, checkerwork; 0, coke, no brickwork 


EXCESS AIR IN FLUE GASES 


Figure 12 gives the excess air in the flue gases when the three fuels 
were burned at different rates. With Pittsburgh coal the excess air 
increased with the load, but with both coke and Lower Kittanning 
coal the excess air decreased with the load, so that at the highest 
loads all three fuels were burned with nearly the same excess of air. 
The points for Lower Kittanning coal are high mostly because of 
the higher resistance to air flowing through the fuel bed; this resist- 
ance increases the air leakage into the flues because a higher draft is 
carried when that coal is burned. 
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EXCESS AIR, TEMPERATURE, AND FLUE-GAS LOSS 


In order to show the relation, at similar rates of operation, between 
excess alr with flue-gas temperature and flue-gas losses, the curves 


in Figure 13 were drawn for Lower Kittanning coal. If a straight 
line were drawn through the two points for 51 and 57 per cent ratings 
below the lower curve, it would show an increase in total flue-gas loss 


with increasing excess air. The two ratings, however, were not. 


exactly the same. 


EXCESS AIR IN FLUE GASES, PER CENT 
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Figure 12.—Excess air in flue gases at different rates of steaming with the several fuels: A, Lower 
Kittanning coal, wing wall; A, Lower Kittanning coal, checkerwork; ©, Pittsburgh coal, wing wall; 


@, Pittsburgh coal, checkerwork; 0, coke, no brickwork 


The group of tests run at ratings of 73 to 84 per cent also show a 
decided increase in flue-gas loss with an increase in the excess air 
because of the increase in the mass of the flue gases, even though 
these gases were leaving at a somewhat lower temperature. 


The three tests run at over 100 per cent of builder’s rating also show 


an increase in flue-gas loss and a decrease of flue-gas temperature 
with increasing excess air. Between the ratings of 73 and 120 per 
cent of builder’s rating the total flue-gas losses are lowest with about 
100 per cent excess air when Lower Kittanning coal is burned in this. — 
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furnace; but between 51 and 57 per cent of builder’s rating it appears 
that less than 90 per cent excess air gave the best efficiency. 

In all the tests with Lower Kittanning coal, enough air was sup- 
plied to burn the carbon monoxide, therefore the losses just con- 
sidered are due almost entirely to heat carried away in dry flue gas, 
and in steam formed from the moisture in the coal and from the 
burning of hydrogen. In operation at high ratings it should be 
remembered that with this additional air more draft is required to 
move the gases through the boiler. 
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FLUE-GAS TEMPERATURE, °F. 


EXCESS AIR IN FLUE GAS, PER CENT 


Ficure 13.—Variations of the total flue-gas loss (dry gas, steam, and CO) and temperatures with varying 
air supply for several ratings with Lower Kittanning coal. Numbers represent the per cent of builder’s 
rating developed; A, with wing wall; A, with checkerwork 


MIXING DEVICES IN THE COMBUSTION CHAMBER 


In order to obtain data on the effect of mixing devices in the 
combustion chamber, tests were made with wing walls and with 
checkerwork walls of fire brick. Wing walls, leaving a vertical slot 
31 inches high and 11 inches wide on the center line of the boiler 
were built in the combustion chamber as shown in Figures 1 and 2 
(pp. 7 and 8), and used in tests 2 to 10, inclusive, and in test 26. Test 
32 was run in order to obtain comparative data on a wing wall with a 
slot 1414 inches wide and 23)4 inches high. The checkerwork wall 
was built of fire brick and had 24 openings each approximately 2% 
by 614 inches. The total area of the openings in the checkerwork 
and the wing-wall sluts was approximately the same. 
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The tests with Pittsburgh coal were the only ones which showed 
much combustible in the stack gases. Tests 2 and 3 were run with 
the wing wall and tests 21, 22, 23, and 25, with the checkerwork. 
Table 2, items 31, 34, and 40, gives a general idea of the relative 
values of the wing wall and checkerwork as gas-mixing devices. 
Test 3 is comparable in rating with tests 22 and 25; likewise the 
excess air for these tests is about the same. However, test 3 shows 
less carbon monoxide in the stack gases than test 25. Similarly, 
in tests 2 and 23 the ratings and excess-air supply are comparable, 
but test 2 shows a much lower carbon monoxide content. These 
facts indicate that the wing-wall type is a better mixing device; 
however, more tests are needed to obtain conclusive evidence. The 
disadvantage of the wing wall seems to be its “torch effect’ in 
concentrating high-temperature flame upon limited areas of the heat- 
ing surface. 

A further examination of the gas analyses in Table 2 shows that 
the gases from Lower Kittanning coal were mixed about as well with 
one type of mixing device as with the other. Both the wing wall 
and checkerwork stood up well under the test conditions. 


TEMPERATURE IN FURNACE 


In test 15, temperatures were measured in the furnace about 1 
foot above the fuel bed and at points 1 foot apart from the firing 
door, with an exposed platinum and platinum-rhodium thermocouple 
made of wire about 22 B.& S. gauge. While the indicated tempera- 
ture readings may be higher or lower than the actual temperature 
of the gases at each position, depending on the effect on the thermo- 
couple of radiation from the hot flame or from the cooler walls of the 
furnace, it is probable that the measured temperatures are fairly 
close to the true temperature. Figure 14 shows the measured temper- 
atures for test 15, which as plotted give the general trend of the 
temperatures of the gases passing through the furnace and boiler. 

The broken part of the curve represents the average of the readings 
of the platinum and platinum-rhodium thermocouple for a few firing 
periods, and the solid part represents the average of the readings of 
the Hoskins and copper-constantan couples, which were permanently 
set in the gas passages and were read throughout the entire test. 


TEMPERATURE OF GASES IN BOILER FLUES 


In some of the tests, temperatures were measured along the path 
of the gases at each end in the boiler flues, as indicated in Figures 1, 2, 
and 3. Thermocouples of Hoskins wire, alumel and chromel “ P” 
(22 B. & S. gauge) were used to measure the temperature of gases 
leaving the combustion chamber as they entered the first pass. 
Thermocouples of copper and constantan wire (22 B. & S. gauge) 
were used to measure the temperatures of the gases leaving the 


Google 


https://hdl.handle.net/2027/mdp.39015006902756 


http://www.hathitrust.org/access use#pd-google 


:54 GMT / 


Generated on 2024-10-06 16 


/ 


Google-digitized 


Public Domain, 


30 


RITUMINOUS COAL AND COKE FOR LOW-PRESSURE BOILERS 


ae a OS 
CkM OSLO SNE Ae! SHER Seer 
SVG SIC CEMA E eS 
iS ee PH 
tt a 0 7 a 

PT iii Lees Li Cl ae 
TELL A er 


LENGTH OF GAS PASSAGES, FEET 


FIGURE 14.—Variations of temperature over fuel bed and along the path of the gases from the combustion chamber to the breeching, taken in test 15 
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first pass, entering and leaving the second pass, and in the stack. 
Four thermocouples were used at each position, A, B, C, D, and E. 
(figs. 2 and 3)—one thermocouple being placed in the center of each 
individual flue on the left-hand side of the boiler in all of the tests, 
and in all flues for tests 15, 16, 23, and 25, when 32 thermocouples 
were used. In the boiler uptake the temperatures of flue gascs were 
measured by four thermocouples set 314 inches in from the metal 
casing, as indicated in Figures 1, 2, and 3. In this manner the 
average temperatures were ascertained. These varied considerably, 
and demonstrated how the readings based on a single couple may be 
high or low, and how necessary it is to exercise care in the measure- 
ment and sampling of gases flowing in stream lines. Table 4 gives 
the averages of temperature readings of the thermocouples at various 
positions as well as the averages for each test, and shows the effect 
of leakage of hot gases as well as infiltration of air at the joints of the 
furnace sections, 
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In test 25, the temperature drop from front to rear in the last pass 
was low; an inspection of the boiler after the test showed that some 
of the asbestos rope and boiler cement between the seventh and 
eighth sections on both sides of the boiler had dropped out, per- 
mitting some of the gascs in the first pass to enter the last pass, thus 
raising the temperature. This condition was remedied for following 
tests, 1t is mentioned to show that the flues must be examined occa- 
sionally in order to maintain cast-iron scctional boilers in good 
operating condition. The upper thermocouples E-2 and E-3 (fig. 1) 
in the stack, in all cases gave lower readings of temperature; this 
indicated that there was some infiltration of cold air from the insula- 
tion covering of the boiler. Stack thermocouples E-1 and E-4 showed 
an increase of temperature from similar infiltration of hot gases 
through joints at the bottom of the gas passages. 


RELATION BETWEEN TEMPERATURE DROP AND GAS FLOW 


Table 5 shows the temperatures of the gases leaving the combustion 
chamber at A (fig. 2) and the average temperature leaving the boiler 
at F. Under the “Fuel” column, Pittsburgh coal is represented by 
P, and Lower Kittanning coal by M. Tests are arranged according 
to rate of gas flow in pounds per hour, therefore low rates come first, 
followed by higher rates. 


Tasle 5.—ZTemperature drop and gas flow 


Rate | Temperature at .1, gases leaving combus- | Drop Drop 
of tion chamber, °F. Flue- | in t in 
Test steam-| Flue Excess gas | tem- ae ° 
num- Fuel ‘- ing i ar, tems | pera. eee 
1,000 De pe : Position of thermocouples & pera- | ture, a 
ber B.t.u hour, cent | Side ; ture A to degree 
per |P0 | of Mean | °F,’ | stack, ane 
hour ! boiler; | 9 | 3 4 | oF. op” 
a | | a oo. | 1. 290 aa | seal x3 
---- P | 1,289] 2,118 2k 5 mae ae 512 749 1.27 
‘Sy 28 [ee----- | SS ies gig iene ; «| 
z...., P | 1,006) 30%] im {h | 1427)! Bene Tp aay ph set | Oot 670) 0.89 
| AES dines eee Se aoe ‘ 
= ie ew ae oe ec De ae tac 1,484 | 758 | 726| 0.86 
‘ ’ ’ PAT Le seats 
a P | 373) 7,108] 63 { B |-------/ fa rae oe 1,731 | 832 soo] O91 
Py I ee ees tJ ape SS Saisie, & « 
16... M | 1,301} 3,390] 136 | RM icone ise a igs | ies pe esl, 408 | 732 | 1.32 
r) ’ ’ ’ oad 
5... L | 1,366 | 1,383 | 1,157 | 1,249 a 
S--.-/ M | 1,060) 5,569] 154 { RB | a'375 | 11343 | 1,263 | 1192 if 292 785) 1.32 
Ml. M | 2172) 5443] 142; L | 1,339] 1,326 | 1,258 | 1,192 [1,279 | 525 754 1. 26 
3.... M | 3,270] 6,204 81! L 114,529] 1,511 | 1,520] 1,449 | 1,502] 601 901 1. 23 
U...| M | 3122] 6,046 101 | L | 1507 | 1.449 | 15493 | Ueto | iayy | ez sis | 6 
— | 


* P, Pittsburgh coal; M, Lower Kittanning coal. 
* For position of thermocouples, sce Figures 1 and 2. 


The figures in the last column of Table 5 are calculated from the 
average temperature of the gases leaving the combustion chamber 
A, the average flue-gas temperature at E, and the steam tem- 
perature—assuming that the gas flow is constant and that the drop 
in temperature per unit area of heating surface passed over by the 
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gases is proportional to the difference between the temperature of 
the gas for this area and the temperature of the steam. These 
results are cea from the equation given in Technical Paper 


303,‘ as Log. ty =CS. In this equation 7, is the initial gas 


temperature, 7; the final gas temperature, ¢ the steam temperature, 
S the total heating surface, and (the drop in temperature between 
combustion chamber and flue, per degree temperature difference 
between gas ahd steam temperatures, per unit area of heating sur- 
face given in the last column. 

Figure 15 shows the relation between points that arerepresented by 


Log. eae —! and the weight of gases per hour flowing over the heating 
surfaces for the Pittsburgh and Lower Kittanning coals. The points 
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Ficure 15.—Drop in temperature per mean degree of temperature difference of gases between combustion 
chamber and point of exit from boiler with weight of gases flowing: @, Pittsburgh coal, checkerwork; 
A, Lower Kittanning coal, checkerwork. 


fall along two curves, the values with Pittsburgh coal being similar 
to those obtained in earlier tests reported in Technical Paper 303.° 
The values plotted for Lower Kittanning coal form another curve 
above that for Pittsburgh coal, and show that the temperatures of 
the gascs at the same rate of flow, from the latter fell less than those 
of the gases from the Lower Kittanning coal in a manner similar 
to the earlier tests mentioned. The higher the volatile content of 


- 


4‘ Blizard, John, Neil, James, and Houghten, F. C., Value of coke, anthracite, and bituminous coal for 
generating steam in a low- -pressure cast-iron boiler: Tech. Paper 303, Bureau of Mines, 1922, p. 38. 
$ Work cited, p. 37. 
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the coal used, the smaller was the drop in temperature, as might be 
expected. In these tests with bituminous coal, the flue-gas tem- 
peratures tended to rise as the test progressed; this effect should be 
expected since a deposit of soot was constantly accumulating on the 
surfaces. 

The smaller drops in temperature of gases passing through the 
boiler as shown in tests 21, 22, and 25 in the thirteenth column of 
Table 5 for Pittsburgh coal are believed to be due to the continued 
combustion of gases, tars, and soot in the boiler flues beyond the 
combustion chamber; this idea is further indicated by the higher 
exit temperatures with the Pittsburgh coal. 

The lower values for Lower Kittanning coal shown in the thirteenth 
column, tests 16 and 14, are probably due to the high excess air in 
flue gases with comparatively low rate of steaming. 


VELOCITY OF GASES IN PASSES AND SMOKE EXIT 


The velocity of the gases at openings to the mixing chamber was 
not calculated but, because of the higher temperatures and smaller 
area of openings, must have been greater than the velocity of the 
gases at positions A in the first pass, which varied from 12 to 55 feet 
per second as calculated from the observations taken. At position 
C at the front of the boiler in the second pass, similar velocities were 
from 5 to 28 feet per second. The velocity of the gases in the smoke 
outlet of the boiler were from 3 to 20 feet per second. 


COMPOSITION OF THE *GASES IN THE COMBUSTION CHAMBER AND 
IN THE GASES LEAVING THE BOILER 


During several tests with Lower Kittanning coal and with Pitts- 
burgh coal, gas samples leaving the combustion chamber were col- 
lected over mercury, through water-cooled samplers, and then an- 
alyzed. Table 6 gives analyses of samples taken before and after 
firing. Below the report of analyses of gas taken simultaneously 
at the combustion chamber and in the boiler-smoke outlet are given 
the calculated percentages of excess air for each sample period. 
These results show that there was considerable infiltration of air 
along the path of the gases through the boiler, and that this air 
diluted the gas sample and lowered the temperature of the gases, 
especially along the top row of gas passages. 
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TABLE 6.—Composition of gases leaving the combustion chamber and flue 
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UNDEVELOPED HEAT AND COMBUSTIBLE 


In test 15, at 73 per cent of boiler rating, with checker brickwork 
between the mixing and combustion chambers, one sample taken in 
the combustion chamber before firing showed over 4 per cent of the 
heat in the coal was undeveloped there; but a corresponding sample 
taken at the boiler outlet showed no combustible gases because of 
the high increase of excess air and the combustion in the flues. The 
next sample, taken after firing, showed 10.4 per cent undeveloped heat 
in combustion-chamber gases, and similarly no combustible in the 
flue gas and even a greater increase of excess air between the two 
points. All samples showed that there was air leakage along the 
boiler flues, and the amount of excess air was increased from 5 to as 
much as 113 per cent between the two points of sampling. In the 
series of tests covered by this report no gas samples were taken in 
the furnace or in front of the brickwork wall in the combustion cham- 
ber. Tests made earlier showed that combustible gases would be 
accompanied by some tar and soot, but neither of these was deter- 
mined in these tests; therefore the total undeveloped heat in gases 
would be higher than the values given at the bottom of Table 6. 
However, the combustible gases give an indication of the amount of 
the undeveloped heat at each point of sampling. 

Special tests 17 and 18, with Lower Kittanning coal, were run only 
for gas analysis and smoke observations, at about 75 per cent of 
bouer rating. Table 7 gives general data for these tests. Test 17 
was fired by the “center’’ method and test 18 by the spreading 
method, both having checkerwork wall. In each test especial care 
was taken, by closing the joints around the.cleaning doors with 
asbestos cement, to reduce infiltration of air. The sealing of the 
front cleaning-door joints must have helped materially when the 
packing cement was first applied, because the air excess in one sample 
taken after firing was increased by 5 per cent only between the 
combustion chamber and flue outlet. In later samples, as the cement 
loosened and cracked, the infiltration after firing increased to as 
high as 71 per cent during the same day’s run. As the increased 
excess air admitted at the cleaning doors is heated up from room 
temperature to the flue-gas temperature, the increased loss may be 
considerable. Tight door joints help to cut down this loss. 

The coking method was used for the first firing in test 17. Analyses 
showed greater combustible in gases leaving the combustion chamber 
and at the flue outlet than when the spreading method was used in 
later firings when no combustible whatever was detected at either 
point of sampling; moreover, no greater air excess was required 
although 15 minutes after firing and 10 minutes before the next 
firing the fire was raked to cover holes in the fuel bed, 
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TABLE 7.—General data on special tests 17 to 20 2 


Bind of coal: ococovscoosoes ee detc ces ss see wees Lower Kittanning 


Number of trial_....-..-..2..20222--0--------- eee 17 18 19 20 
Duration of trial, hours... ...-...-.-2-2- 2-2 elle 2 2 2 2 
Interval between firings, minutes. ._.......-----22-- 40 40 40 40 
Fuel fired each firing, pounds.._..-._...._.......2.. 150 150 b167 | 150 
Thickness of fuel bed, inches__....._-......------.--- 8 8 8 12 
Drafts, inches of water: 
TASH Dito soco seco este en ota alee eee tent ue 0. 02 0. 01 
In furnace: (rOnt) os eccsere ace tee mcadnes eoun el wccatcewem sews eee ew eas 19 . 25 
An (Urnace (PEAT) 2 wcen ss lowcost ae doen tet eaten eee eee eaed ee . 22 27 
In combustion chamber...............-.----..-.|-------.----- Veweiaee rat .35 . 38 
IN StOCK 222208 ye ts Scat thle teed a hoe 0. 69 0. 64 61 62 
Rating, per cent developed._........._......-.--.2... 75 75 75 75 
Smoke, per cent of black ____-...-.....-.--------_--- 9 7 9 13 
Air admitted over flre....._.-..--......------ 2-2 Le. No. Yes. No. No. 
Method of firing........-.----..-..--.2.-222-2-2- 2 Center, at | Spreading. | Spreading. | Spreading. 
11.40; spread- 
ing, at 12.20. 


¢ For gas analysis refer to Table 6. 
b Coal fired at 11.40, 200 pounds; at 12.20, 150 pounds. 


EXCESS AIR 


In test 18 during the first firing period air was admitted over the 
fire through sliding air shutters on the firing doors. . The spreading 
method of firing was used, and the fuel bed was raked 15 minutes 
and 30 minutes after firing. For the second firing period, 40 minutes 
after the first firing, the air slides in firing doors were closed for 20 
minutes, then opened halfway for the following 20 minutes, or the 
last half of the firing period just before the third firing. The excess 
air was 25 per cent higher in the sample taken in the combustion 
chamber during the second half of this second firing period, but the 
excess air in the flue gas leaving the boiler was about the same for 
both samples. The high excess air in thesample taken at the fifth 
firing was probably due to the leakage of air around cleaning doors and 
at the furnace-door air openings. 

Tests 19 and 20 were run with Lower Kittanning coal, the spreading 
method of firing fuel beds respectively 8 and 12 inches thick, and the 
checkerwork wall in the combustion chamber. Although the Joints 
around the front cleaning doors and openings in firing doors were 
sealed with asbestos cement, this precaution did not serve to keep 
down the excess air at the flue outlet in test 20 which was run with 
the thicker fuel bed; in this test, with the same stack draft, the draft 
over the fire was higher because of the added resistance to air flowing 
through the thick fuel bed. 

Samples taken during test 19 showed no combustible gases leaving 
the combustion chamber or at the flue outlet. In test 20, run with 
the 12-inch fuel bed, all samples showed unburned combustible in 
the gases. The undeveloped heat in gases leaving combustion 
chamber after firing was 10.5, 13.7, and 15.5 per cent of the heat in 
the coal, giving an average of 13.3 per cent caused by deficient air 
supply. Corresponding values in stack sampies showed an average 
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of 3.3 per cent combustible due to dilution of air and combustion in 
the flues. The undeveloped heat in three samples of the gases leav- 
ing the combustion chamber before firing was 7.8, 4.5, and 4.3 per 
cent respectively—an average of 5.5 per cent. The stack samples 
contained 0.5 and 0.0 per cent combustible, or an average of 0.3 
per cent of the heat in the coal leaving the boiler as unburned gases. 
These results indicate that the excess air supply over the fuel bed 
should be about 30 per cent in order to avoid unburned combustible 
in the gascs leaving the combustion chamber, even with the brick 
checkerwork wall used for mixing the air and gases. 

During test 23,run at 139 per cent rating with Pittsburgh coal and 
with checkerwork wall, some samples were taken of gases leaving the 
combustion chamber for comparison with samples taken at the same 
time in the smoke-flue outlet of the boiler. These samples showed 
a low excess of air in the flue gases leaving the boiler because of 
leakage between sections and at the cleaning doors. In this test the 
air slides in the firing door and the shutters or air doors were kept 
wide open for 3 minutes after firing or raking; then they were left 
“cracked” or open 1 inch for 5 minutes before they were closed, and 
were kept so until the next raking, which was 2 minutes before a 
firing. In this test combustible kept appearing in the flue gases 
leaving the boiler, therefore this rating apparently represents about 
the limit at which the boiler should be operated to get reasonably 
complete combustion with Pittsburgh coal. 


SMOKE 


The density of the smoke Jeaving the chimney was estimated by 
comparison with a Ringelman smoke chart. Readings were taken 
at 15-second intervals for two or more firing periods when conditions 
of the fire were fairly representative. The same method of firing 
was used in all the smoke tests with bituminous coal; but there was 
variation in the time of admitting air over the fuel bed after firing 
or raking. 

The percentage of black smoke given in the last column of Table 8 
was computed from these smoke readings by the formula: 

Sum of readings 


Number of readings x5 x 100 = ver cent of black smoke. 


More smoke was made immediately after raking or cradling the 
fuel bed to prepare it for the firing than was made after the firing. 
The figures in the last column of Table 8 indicate that Pittsburgh 
coal made more smoke in all tests than did the Lower Kittanning 
coal at similar ratings. 
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TABLE 8.—Smoke readings 


Fire- 
| Rato of Average, Flue Excess ra me Smoke 
Test | H interval) gas CO2 | CO, air, , smoke | ports | black, 
No Fuel pounds fitin between| tem- per per eo) pando allonen rr 
~ pe : Me firings,| pera- | cent cent i “te ane an 
hour |P°U2d3 | ninutes! ture cen ings, after , cen 
oF! minutes} firing, | 
| minutes 

3 | 247 124 30 682 11.0 0.2 62 | 300 4 14 
2° 314 167 32 C32 10.3 1 74 250 2 9 
21 .{ Pittsburgh 140 150 64 512 11.6 4 §2 242 30 21 
22 coal 211 151 43 Oot 10.3 2 75 | 204 10 9 
5 | 300 15 30 758 10. 5 4 65 | 121 5 23 
23 429 150 21 832 10.9 .4 63 | 194 3 21 
7 160 157 59 £30 9. 7 | 88 | 159 2 5 
2 21 154 40 §26 6. 2 .0 193 152 3 8 
6 | 235 157 40 559 8.3 .0 117 | 181 2 9 
5 |Lower Kit- 244 163 40 557 7.9 .0 129 201 2 7 
4| tanning 299 14 31 587 9.1 a | 101 200 2 8 
8 ; 352 82 14 615 8.9 ol 101 — 95 2 11 
16 150 150 60 496 7.7 .0 108 | 62 2 3 
15 224 15 41 507 7.0 .0 154 88 2 6 
14 229 153 40 | 525 7.6 1 142 69 2 6 


| ' ! l | 


Test 12 was a short test run at about 50 per cent rating with 
Lower Kittanning coal for smoke observations; and neither wing 
walls nor checkerwork were used in the combustion chamber. The 
average percentage of CO, was 8.9; of O,, 10.9; no CO. The flue- 
gas temperature was 500° F. The resulting smoke readings indi- 
cated 13 per cent of black smoke. By comparing this test with 
test 7, which was run with a slot wing wall and showed only 5 per 
cent of black smoke, it appears that the wing wall helped materially 
to reduce smoke when this fuel was burned. 

Figure 16 indicates the smoke record for test 4, and shows the 
effect of raking and firing. 


CLINKERING 


None of the three fucls gave excessive trouble from clinkering, 
but the coke, with its higher ash content, made more clinkers than 
the other two fuels. The percentages of total refuse removed as 
clinker were as follows: Pittsburgh coal, 25 to 50 per cent; coke, 
50 to 67 per cent; Lower Kittanning coal, 20 to 43 per cent. The 
higher percentages of clinker accompanied the higher rates of burn- 
ing with all three fuels. The clinkers from coke stuck close to the 
grate bars and were somewhat more difficult to remove than clinkers 
from the other two fuels; consequently, in burning coke it was neces- 
sary to clean the fire more often. 
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FiaureE 16.—Smoke record for test 4, firing Lower Kittanning coal by coking method: F, Fired; R, raked; 
8S, sliced 
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FicureE 17.—Stack draft at different rates of steaming with the several fuels: A, Lower Kittanning coal, 
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DRAFT REQUIRED TO BURN FUELS 


TOTAL DRAFT 


Figure 17 shows the draft in the flue where the gases left the 
boiler. The stack drafts for the Lower Kittanning coal were higher 
in all tests than for either Pittsburgh coal or coke. This was partly 
due to the fuel-bed resistance, and partly to the higher excess of air 
carried in the tests of Lower Kittanning coal, as indicated in Figure 
12. The curve showing the drafts for coke crosses that of drafts 
for Pittsburgh coal at low ratings because of less excess air; and it 
lies nearer the curve for 


Lower Kittanning coal at ccen 
the higher ratings, because eee 
the air supply and flue-gas 
temperatures were more 30 See - ECE EECE 
nearly the same. sacs 
5 Pac 
ASH-PIT DRAFT oo OO A 
; Peo 
The reduced pressure in Cer 
the ash pit as given in item saa Jos aa) oes e 


v 

mug eeenneenr 4engener 4a 
Pea et lc 

aE 
Seer Ty 


24, Table 2, increases with 
the higher ratings; this in- 
crease would have the effect 
of drawing in more air over 
the fuel bed. The ash-pit 
door was kept partly closed 
at times. 
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DRAFT DROP THROUGH 
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DIFFERENCE IN DRAFT BETWEEN ASH PIT AND FURNACE, 


g = R < 
Figure 18 shows the dif- rug. FIRED PER 8QUARE FOOT OF GRATE 
ference between the draft BUPEACE PER NOUR ST OUNRE: 


measured above the fuel bed Ficure 18.—Difference in draft between furnace and ash pit 
at different rates of combustion with the several fuels: A, 
and below the grates at Lower Kittanning coal, wing wall; A, Lower Kittanning 
various rates of combus- coal, checkerwood; ©, Pittsburgh coal, wing wall; @, Pitts- 
‘ ‘ . burgh coal, checkerwork; (), coke, no brickwork. 
tion with the fuels tested. 

About the same draft was required to burn coke and Pittsburgh 
coal, and decidedly more (nearly twice as much) to burn Lower Kit- 
tanning coal at thesame rate. This increase was due to the difference 
in the burning of coal on the grate, higher ash content and smaller size 
of coal, and the decided tendency of the coal to pack on the grate, thus 


hindering the flow of air through the fuel bed. 
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DRAFT DROP BETWEEN FURNACE AND GAS EXIT FROM BOILER 


Figure 19 indicates the draft needed for moving the flue gases 
through the mixing chamber, combustion chamber, and flues to the 
smoke outlet of the boiler. The quantity (pounds) of dry flue gas 
flowing from the boiler per hour is used as a base in plotting the 
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FIGURE 19.—Draft required to move flue gases from furnace enuouen boiler to stack: A, Lower Kittun- 
ning coal, wing wall; A, Lower Kittanning coal, checkerwork; =, Pittsburgh coal, wing wall; @, Pitts- 
burgh coal, checkerwork; (J, coke, no brickwork. 


curve to show its relation to the difference in draft required between 
the furnace and the boiler exit. The drop in draft between the rear 
of combustion chamber and flue was about 50 per cent of the total 
stack draft. The drop in draft between the rear of the combustion 
chamber and directly over the fuel bed was about 25 per cent of 
the total stack draft. 
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PUBLICATIONS ON THE UTILIZATION OF COAL AND COKE AS 
BOILER FUEL 


A small supply of the following publications of the Bureau of 
Mines is available for free distribution until the edition is exhausted. 
Applicants are requested to limit their selection to publications that 
may be of especial interest. Requests for publications should be 
addressed to the Director, Bureau of Mines. 

The Bureau of Mines issues a list showing all its publications 
available for free distribution as well as those obtainable only from 
the Superintendent of Documents, Government Printing Office. 
Interested persons should apply to the Director, Bureau of Mines, 
for a copy of the latest list. 


PUBLICATIONS AVAILABLE FOR FREE DISTRIBUTION 


TEcHNICAL Parser 240. Boiler and furnace testing, by R. T. Strohm. 
1920. 23 pp., 3 figs. 

TECHNICAL PAPER 242. Why and how coke should be used for domestic 
heating, by Henry Kreisinger and A. C. Fieldner. 1919. 20pp., 1 fig. 

TECHNICAL PareR 303. Value of coke, anthracite, and bituminous coal for 
generating steam in a low-pressure cast-iron boiler, by John Blizard, James 
Neil, and F. C. Houghten. 1922. 56 pp., 22 figs. 

TECHNICAL Paper 315. Comparative tests of by-product coke and other 
fuels for house-heating boilers, by Henry Kreisinger, John Blizard, H. W. Jarret, 
and J. J. McKitterick. 1923. 21 pp., 2 pls., 8 figs. 

TECHNICAL PAPER 335. Use of bituminous coal as generator fuel in large 
water-gas sets in conjunction with waste-heat boilers, by W. A. Dunkley. 1925. 
43 pp., 6 pls., 4 figs. 


PUBLICATIONS THAT MAY BE OBTAINED ONLY THROUGH THE SUPERIN- 
TENDENT OF DOCUMENTS 


BoLueTin 23. Steaming tests of coal and related investigations, September 
1, 1904, to December 31, 1908, by L. P. Breckenridge, Henry Kreisinger, and 
W. T. Ray. 1912. 380 pp., 2 pls., 94 figs. 50 cents. 

BuLLETIN 27. Test of coal and briquets as fuel for house-heating boilers, 
by D. T. Randall. 1911. 44 pp., 3 pls., 2 figs. 10 cents. 

BULLETIN 34. Tests of run-of-mine and briquetted coal in a locomotive boiler, 
by W. T. Ray and Henry Kreisinger. 1911. 33 pp., 9 figs. 5 cents. 

BuntLeTIN 40. The smokeless combustion of coal in boiler furnaces, with a 
chapter on central heating plants, by D. T. Randall and H. W. Weeks. 1918. 
188 pp., 40 figs. 20 cents. 

TECHNICAL PAPER 63. Factors governing the combustion of coal in boiler 
furnaces, a preliminary report, by J. K. Clement, J. C. W. Frazer, and C. E. 
Augustine. 1914. 46 pp., 26 figs. 10 cents. 
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